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ABSTRACT: A novel method is presented for the rapid direct
3D visualization of the contact between two surfaces by means
of fluorescence microscopy using a fluorescent liquid. Distances
between the surfaces of up to several hundred nanometers can
be determined with subnanometer accuracy in 3D and within
seconds of measurement time. The method opens new
possibilities for research in the areas of contact mechanics,

friction, wear, and lubrication.

glass substrate

KEYWORDS: interfaces, mechanical properties, fluorescent probes, 3D imaging

E arthquakes," tire grip,” engine losses,” precision position-
ing,* and bearings’ are all examples of phenomena,
processes or objects in which friction plays a crucial role. In
these examples, macroscopically applied normal and tangential
forces lead to stresses that may approach or exceed the elastic
limit at the microscopic contacts that define the interface
between rough surfaces. Deformation, slip, and wear
mechanisms that occur under these extreme conditions remain
elusive because few experiments provide in situ observation at
the appropriate length scales. In this letter, we present a new
method for quantitative imaging of mechanical contacts,
making use of a low viscosity fluorescent liquid.
Measurement of the 3D topography of a surface can be done
with imaging methods such as atomic force microscopy
(AFM), scanning tunneling microscopy (STM), and scanning
electron microscopy (SEM). However, these techniques do
not enable visualization of surface deformations caused by
contact with another object and additionally have the
disadvantage that they may change the material properties
on small scales while probing the sample with either a sharp tip
or an electron beam. Optical methods, such as fluorescence-
based digital imaging correlation (FDIC),"™” fluorescence
stereo microscopy,”'* fluorescence-interferometry' ' and label-
free SGH generation'” can be used for imaging two surfaces
simultaneously, but they have their drawbacks such as Abbe’s
diffraction limit in all dimensions, small fields of view, long
acquisition times, poor resolution, or complicated mathemat-
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ical postprocessing.”'* White-light interferometry is one of the
most precise techniques for the measurement of surface
profiles, but its axial resolution decreases in case of steep
surfaces.'*™"” In addition to these methods being applicable
mainly for measurements in 2D, they also have drawbacks such
as a low speed of acquisition and the need for high-speed
cameras, which makes these methods costly.

Here, we introduce a novel, cost-efficient method for the
direct rapid 3D visualization of the contact between an
optically transparent substrate and an arbitrary object. By using
a fluorescent liquid and confocal fluorescence microscopy,
subnanometer accuracy is obtained in the axial direction. With
a simple calibration the method can be applied as a fast and
quantitative method to visualize the 3D profile and contacts
between two surfaces.

To achieve this, we place a smooth flat glass coverslip on an
inverted confocal microscope coupled to a rheometer for
mechanical measurements.'”*’ On the coverslip we deposit a
droplet of a fluorescent liquid,"® a liquid of which every single
molecule is fluorescent (Scheme 1).*' A sphere attached to a
plate geometry mounted on the rheometer is lowered into
contact with the wetted coverslip, and the contact plane is
illuminated from below. The molecules of fluorescent liquid
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Scheme 1. Molecular Structure of the Fluorescent Liquid
3,6-Bis((2-ethylhexyl)oxy)-1,2,4,5-tetrazine 1.'*

N-N
_}3H3ﬁ4*%{:F_

present at the interface are excited by laser light and their
fluorescence is captured—also from below - by the confocal
microscope. By scanning in the contact plane, a 3D intensity
image is obtained because the intensity of the fluorescence in
each image pixel is proportional to the number of fluorescent
molecules in the excited volume. Thus, the signal is directly
proportional to the length of the light path, that is, the gap
between the surfaces.

As all the molecules of the liquid are fluorescent, the gap
between two surfaces can be determined with a precision of
one molecular layer, corresponding to subnm precision. By
determining the proportionality between the thickness and the
intensity, it is possible to quantitatively reconstruct the 3D
structure of the interface from the consecutive 2D intensity
images.

A number of requirements must be met for our simple
approach to work. First of all, we approximate the confocal
point spread function as a cylinder, in which the excitation
light intensity is nearly constant. This approximation is valid if
the layer of liquid is not more than a few hundred nm thick,
and if the light is not strongly attenuated by absorption. We
calculate the attenuation of the laser intensity using the
Lambert—Beer law.”> Taking into account the molar
absorption coefficient at the laser excitation wavelength of
514 nm € = 630 M~ cm™.,"” and the concentration of neat
liquid ¢ = 44 M, we calculate that an attenuation of the light
intensity by 1% occurs over a light path of 36 nm. At a height
of 344 nm, the intensity is still 90% of the original intensity.
Because the emission is detected in a wavelength range that
does not overlap with the absorption spectrum we can neglect
attenuation of the emitted light by reabsorption. Deviations
from this ideal situation can be tested experimentally as
described below.

In Figure 1, the measured fluorescence intensity cross-
section through the center of a glass precision sphere gently
pressed onto the coverslip is shown. The center part of the
sphere is flattened at the contact due to elastic deformation,
quantitatively described by Hertz' theory,”® and the surface
curvature of the sphere outside the contact is modeled using a
second-order polynomial.

To obtain a scaling factor between the intensity of the
fluorescence and the thickness of the liquid,we performed a
calibration using the image of the reflection of the laser from
the contact between two surfaces. The reflections form a
pattern of dark and bright rings—also known as Newton
rings—>"** due to the interference of the laser light reflected
off the sphere/liquid interface with that reflected off the liquid/
coverslip interface. These rings occur when the gap between
the surfaces d is equal to

1)1
d‘@+5k2 (1)

where m = 0, 1, 2, 3, .., is the ring number, 4 = 514 nm is the
wavelength of the light, and n = 1.483 is the refractive index of
the fluorescent liquid. Thus, by plotting fluorescence intensity
values versus the heights obtained from eq 1, a scaling factor is
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Figure 1. Fluorescence intensity cross-section through the center of
the interface between a 3.175 mm diameter glass sphere and a smooth
glass coverslip filled with fluorescent liquid 1 (blue line). Intensities
are converted to nm units as described in the text (right axis). The
applied normal force on the sphere is 100 mN. The fluorescence
intensity is fitted with a second-order polynomial (red line)
corresponding to the shape of the sphere. At the contact the sphere
is flattened due to application of the normal force. The green circles
designate the positions of the Newton rings in the interference pattern
recorded simultaneously. As explained in the text, these rings are used
to convert the intensity units to nanometers. The horizontal dashed
line represents the dark count level of the detector.

obtained (see Figures S1—S3). Importantly, the reflection
mode is measured simultaneously with fluorescent mode on
another detector, so the sample stays in the same position.
Fluorescence intensity images of the sphere surface in
contact with the glass slide are presented in Figure 2. The scale

Figure 2. Fluorescence intensity images of a rough glass sphere on
smooth glass interface immersed in the fluorescent liquid. A contact
force of 100 mN is applied using the rheometer. Intensities are
converted to nm units. Different intensity scales are used in order to
visualize different gap size ranges: (A) First 800 nm between the
surfaces. (B) First S0 nm between the surfaces

bar represents height in nm. The detector gain and the laser
power were chosen in such a way that the dynamic range of the
detector is used fully. The maximum intensity of ~4000
arbitrary units corresponds to a gap of ~1 ym. The dark count
level of the detector corresponds to S0 intensity units, which
was subtracted from the overall image. We estimate the
approximate thickness of a single layer of fluorescent liquid
molecules using the molar concentration and the density of the
liquid resulting in ~0.8 nm.

By using a different intensity scale, our method can be used
for visualization of different ranges of the gap size between the
surfaces. As shown in Figure 2a, b, both molecularly thin and
thick layers containing several hundreds of molecules can be
visualized with a single data set.

In Figure 2b, to clearly see the smallest details of the contact,
the full color scale is used to represent the range 0—50 nm,
with gaps >S50 nm all having the same (white) color.

DOI: 10.1021/acsami.8b15660
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To confirm the results obtained with the imaging method,
we image the exact same section on the sphere surface
visualized in the microscopy experiments by AFM before
performing the fluorescence microscopy. In Figure 3, we

Gap /nm

I I I I I
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Distance from the center / um

Figure 3. Interface between a smooth glass coverslip and a rough glass
sphere. (A) Image obtained by using the fluorescent liquid method.
The intensity scale is chosen such that gaps up to a few hundred nm
are visible. (B) AFM image of the same glass sphere. (C) Cross-
section (yellow line) on the image obtained with the fluorescent
liquid method. (D) Cross-section of the image C. The scale is set to a
few nanometers to demonstrate the sensitivity of the gap measure-
ment. Noise level is 0.2 nm.

compare the image obtained using the fluorescent liquid
method (Figure 3a) with that obtained with AFM (Figure 3b;
see also Figure S4). We set the dynamic range to a few
hundred nm. The comparison of the images shows that the 3D
structure obtained using the fluorescent liquid method is the
same within the experimental resolution as that obtained by
AFM. Even the smallest features (1—2 nm height) can be
observed in the fluorescence microscopy images (see Figure
3d). Moreover, molecular layers trapped between two surfaces
are also resolvable (gap > O at the contact plane, see Figure
3d).

Although the intensity calibration demonstrates the validity
of our approach, it is important to investigate to what extent
the photophysical properties of the fluorescent liquid are
affected by the proximity of the two surfaces and by the
contact pressure.

Emission spectra were measured at locations with different
gaps between the glass sphere and the glass coverslip (Figure
4a). We discriminate between regions where the gap d between
the surfaces is d < 10 nm, regions with d > 10 nm and emission
measured in the pure liquid. Spectra were smoothed to
decrease the noise. The fluorescence spectra presented in
Figure 4a show that there is only a small blue shift of the
position of the emission maximum (5—7 nm) when the liquid
is confined.

In addition, we performed time-correlated single photon
counting (TCSPC) experiments to determine the fluorescence
decay times of the liquid in our sphere-on-coverslip setup. We
find that in the contact region the fluorescence lifetime is
slightly reduced (~10%) compared to that measured in the
pure liquid (Figure 4b), which could be related to the local
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Figure 4. (A) Normalized fluorescence spectra of the liquid in
“bright” and “dark” interface regions and in pure liquid between two
glass surfaces. Each spectrum is an average of 100 spectra acquired at
different locations of a particular type within the interface. (B)
Comparison of fluorescence decay traces in “dark” contacts, “bright”
contacts, and pure liquid.

pressure and confinement induced by the contacts. One of the
special features of the tetrazine fluorescent liquid 1 is that the
close contact between the molecules does not lead to
substantial fluorescence quenching: the nonradiative decay
rate is the same for the neat liquid and a dilute solution in
dichloromethane.'® Overall, the photophysical properties of
the fluorescent liquid do not depend substantially on the local
gap. The detectable differences introduce only a small error, if
any, to the measurement of the distance between the surfaces.

Our novel 3D contact imaging method readily allows for the
quick visualization (within seconds) of micrometer gaps with
subnm precision over areas up to 1 X 10* ym® The method
can also be used with wide-field illumination because it is the
presence of the fluorescent molecules in the observation
volume that provides the measure of the layer thickness, and
confocal sectioning is not essential. In this case, the acquisition
time could be even smaller than with the scanning confocal
microscope. The method can also be extended for the 3D
visualization of surfaces with larger irregularities. For this
purpose, the liquid can be diluted to reduce the absorption.
For gaps in the range of several micrometers, regular 3D
scanning confocal microscopy is more practical. While we have
successfully applied the method to spheres made of glass and
polystyrene, one of the current limitations is obviously the
nature of the material, as it is required that the liquid stays
between the two surfaces of interest and does not enter, for
example, into a porous material, or cause swelling of a polymer
surface. One should also be aware of potential fluorescence
quenching pathways due to the presence of photoactive species
at the surfaces, e.g,, by heavy atom effects or excited-state
electron transfer.

Our method can be applied to study contact mechanics
under loads in the range of hundreds of MPa (e.g., polystyrene-
on—glasslg) to a few GPa (glass on glasslg), as we showed that
the photophysical properties of the fluorescent liquid are not
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affected significantly by the contact conditions (see Figure 4).
As the fluorescence lifetime is somewhat shortened when the
liquid is confined in smaller gaps, application of loads
exceeding a few GPa might lead to underestimation of the
thickness because the fluorescence quantum yield is reduced.
At such high pressures, however, most of the liquid will be
pressed out of the contact, and only nm thick wetting layers
may remain, if any. Further study is needed to explore the
limits of the application.

In summary, we introduce a novel method of imaging the
contact between two surfaces in 3D by using a standard
confocal fluorescence microscope and a fluorescent liquid. We
showed that the fluorescence intensity in the image of the glass
sphere is proportional to the 3D height profile obtained by
AFM imaging. The proportionality factor between intensity
and height can be determined by comparing the fluorescence
with interference patterns. This is to our knowledge the first
study to directly and quantitatively visualize the interfacial gap
between two surfaces in 3D. It reveals information about
deformation of the surface roughness, which is crucial in
tribology. As our method can be used to determine the
thickness of layers of liquid in between surfaces with subnm
precision, it can be used for direct visualization and further
understanding of lubrication and friction.
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